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No BSM in the loops 
•  Fizng&the&5&main&tree&level&coupling&modifiers&+&κμ&and&

resolving&all&the&loops.&

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 24&

Within2current2precision22
Higgs2couplings2scale2with22
parAcle2masses2
&

➥  Coupling-Mass relations as in the SM Higgs

Best LHC Run 1 legacy:  The Higgs discovery
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➥  “Higgs impostors” left behind!
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The SM is established !

Higgs

Where to expect new-physics (beyond the SM)?

Where a new paradigm is needed?



The SM is established !

Higgs

Where to expect new-physics (beyond the SM)?

To answer this, we can follow Einstein’s path: 

“Gedankenexperiment”
      (thought experiments):

 ☛ no-lose theorem  
                       for a discovery

Where a new paradigm is needed?

 look at which regime the theory fails, 
    and therefore new physics must appear!

guaranteed the discover of the positron,  charm,…, top & Higgs (or something else)
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With mH~125 GeV,  the SM, is a consistent theory all the way to MP

First time in particle physics 
that new-physics scale is far away 

from current experiments

dying of success?

New paradigm needed 
 (Strings?)

and our experimental evidence for BSM:
        Dark Matter 
        Inflation 
        Baryogenesis 
        Neutrino masses 
could well have their origin at that scale!
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With mH~125 GeV,  the SM, is a consistent theory all the way to MP

New motivation to go beyond: 
 Naturalness (Esthetics!)

“the principle of the universe
 will be beautiful and simple”

Following a more (risky) mature Einstein’s path: 



SM Realm

10¹⁹ GeV  

MW 

En
er

gy
New Physics

(MP) 

With mH~125 GeV,  the SM, is a consistent theory all the way to MP

mH  <<  MP 
Why so different? 

Not natural/stable to expect

New motivation to go beyond: 
 Naturalness (Esthetics!)
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Quantum fluctuations can 
give mass to scalars



Towards a new paradigm

Supersymmetry Compositeness

Higss          Higgsino
H =

mH << MP ?

“fermionizing”
the Higgs

“Marrying” a fermion: The “transvestite” Higgs:



    TeV  
new-physics

Looking for 
deviations in Z/W couplings

& new particles

Attacking the new paradigm from several fronts

Looking for 
deviations in Higgs couplings

& new particles

Looking for 
new flavor-transitions

No Success so far!

Looking for 
Electric Dipole Moments

LEP/Tevatron 
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First main weapon to attack physics Beyond the SM (BSM):

LEP ~ millions of Z produced• ZZ

Deviations were expected 
at the >1% level

But no sign of New-physics!

BSM
effects

Bad luck?
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➥ crucial new “handle” to catch BSMs:

The Higgs is the most “sensitive”  
SM particle to new-physics, 

and therefore  
the best place to look for natural BSM

With the Higgs, we have had access to 
new relevant information by measuring its properties 

LHC 

We built a more powerful weapon:

It has brought an important new discovery:  The Higgs !



1) MSSM:

Gauge bosons:

Higgs:

Examples:

h
H

superpartners

~ loop effects

~ tree-level effects

Z Z

f

f



1) MSSM:

Gauge bosons:

Higgs:

Examples:

h
H

superpartners

~ loop effects

~ tree-level effects

Z Z

Effects in Higgs physics
can be a factor 16π2 ~ 100 larger!

f

f

☛



1) MSSM:

Gauge bosons:

Higgs:

Examples:

h
H

superpartners

~ loop effects
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Effects in Higgs physics
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2) Composite models:

Gauge bosons:

Higgs:
h h

Z Z

⇠ g2Hv2

⇤2
⇠ 16⇡2v2

⇤2

“strong” Higgs coupling

☛

⇠ g2v2

⇤2
(Λ=composite scale)

strong
dynamics

strong
dynamics



LHC:  pp→h  (→γγ) ~ thousands of events 

LEP:  ee→ Z (→ff) ~  millions of events 

➥ Even with less statistics at the LHC, similar 
impact today in new-physics as LEP 

Consequences:



Which are the most relevant  
Higgs couplings to measure?

probes testing  
new directions in the  

“parameter space” of BSMs

First question to address in Higgs couplings:

H
ig

gs
 p

hy
si

cs

EW observables
(non-Higgs) Couplings that can be modified 

by new-physics, 
not affecting anything else  
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 They can be modified 
by new-physics, 

not affecting anything else  

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
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µ W b
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c ⇢µ , O
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gsfABCG
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µ GB
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and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
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where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a
µ⌫B

µ⌫ and OWW = g2|H|2W a
µ⌫W

µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
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1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c
3W ⇠ g2/g2⇤ and c

3G ⇠ g2s/g
2

⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,
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O(3) q
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DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

Oq
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µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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µuR)(ūR�
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

Corresponds to the 
8 possible dim-6

operators with |H|2 :
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important:
custodial invariant!!
& zero-momentum
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6 measured 
at the LHC 
(the “kappas”)
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More general model
● Assuming effective loop 

couplings for quarks and 
gluons

● Top coupling from ttH

● Gluon coupling from gluon 
fusion

● Top coupling directly from ttH

● Gluon coupling from gluon 
fusion production

● Compatibility with the SM

● With larger statistics, will 
start looking at deviations... 
 

CMS PAS HIG-14-009

All parameters floating and κ
V
 ≤1

NEW!

i =
ghii
gSMhii

Higgs coupling determination

M.Bachtis CERN-LHC Seminar 15/07/14 25

Combined signal strength

  

per decay

● Uncertainty at 15% level

● Theoretical systematics start 
to become important

● Compatibility between 
measurements and with SM

per production

ttH → multileptons
and diphotons

CMS PAS HIG-14-009

NEW!

reasonable good agreement with the SM !



Combined analysis:

reasonable good agreement with the SM !

•  We&can&also&allow&effec=ve&couplings&κg&and&κγ&
•  Only&σ&x&BRs&can&be&measured,&without&further&assump=ons&the&width&of&the&

Higgs&boson&cannot&be&measured.&Op=ons&are:&
–  BRBSM=0&
–  kV≤1&(as&in&2HDM)&N&BRBSM&can&be&measured&

BSM physics in the loops 

Sep&1,&2015& Marco&Pieri&UC&San&Diego& 25&

BRBSM&<&0.34&at&95%&C.L.&(assuming&κV&≤&1)&
BRBSM&includes&all&possible&non&standard&
decays,&visible&or&invisible&

For&constraints&on&BSM&see:&
&Wouter&Verkerke&(Friday)&

Constraints&on&the&width:&
Roberto&di&Nardo&(yesterday)&&SM2pCvalue2

11%2
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It can be measured  
in the far future by 

GG→hh

h→Zγ 

2 still to  
be measured

6 measured 
at the LHC 
(the “kappas”)



Experimental bound on h→Zγ 

... last hope for finding O(1) deviations ?

BR(h→Zγ)~0.001
small in the SM
 since it comes 
at one-loop:

Rare Decays

Phys.Lett.B726 (2013)

27

CMS-HIG-14-003

still allowed to be 
9 x BRSM

(possibility in composite Higgs models)
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Prospects for 3h-coupling 

Precision on c3, c2t and c2g

The non-linear Higgs couplings c
3

, c
2t

, c
2g

can only be directly accessed
in double Higgs production
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• Higgs trilinear c
3

can only be extracted at FCC (at LHC only O(1)
determination)

• good precision on c
2t

and c
2g

arXiv:1502.00539

Testing the doublet hypothesis

The gg ! hh process gives access to these couplings
[Baur, Plehn, Rainwater; Grober, Muhlleitner; Contino et al.;

Dolan, Englert, Spannowsky; Baglio et al.; Barger et al.; ...]
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I Small cross section: very hard
at the LHC

I Much more promising at future
high-energy colliders
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Impact on BSM from  
Higgs coupling measurements

●  Today, as Higgs coupling measurements agree with    
    the SM, we only place bounds on new-physics

The Higgs is our best weapon of BSM mass-destruction 

Multiverse

supersymmetry

compositeness

●  Tomorrow, who knows, it can illuminate on new-physics



MSSM with heavy spectrum ( ≫100 GeV)

Main effects from the 2nd Higgs doublet:

h
H

H

W

W

h
H

f

f

⇠ v4

M4
H

⇠ v2

M2
H

Dominant 
effect!

Superpartners can only modify Higgs couplings at the loop-level: 
Only stops/sbottoms give some contribution to hgg/hγγ (not very large)

v2



Higgs coupling measurements already 
rules out susy-parameter space
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

Supersymmetric Models (MSSM)

not yet possible by direct searches



Couplings dictated by symmetries (as in the QCD chiral Lagrangian)  

Giudice,Grojean,AP,Rattazzi 07
ghWW

gSMhWW

=

s

1� v2

f2

ghff
gSMhff

=
1� (1 + n) v

2

f2

q
1� v2

f2

n = 0, 1, 2, ...

small deviations on the h𝜸𝜸(gg)-coupling due to the 
Goldstone nature of the Higgs

Composite Higgs

AP,Riva 12

f

(model dependent but expected f ~ v)

MCHM4 MCHM5

 = Decay-constant of the PGB Higgs
related to the compositeness scale

H = (Higgs as a pion)
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Figure 2: Two-dimensional likelihood contours in the (V , F) coupling plane, where �2 ln⇤ = 2.3 and
�2 ln⇤ = 6.0 correspond approximately to 68% CL (1�) and 95% CL (2�) respectively. The coupling
predictions in the MCHM4 and MCHM5 models are shown as parametric functions of the Higgs boson
compositeness parameter ⇠ = v2/ f 2. The two-dimensional likelihood contours are shown for reference
and should not be used to estimate the exclusion for the single parameter ⇠.

5 Additional Electroweak Singlet

The simplest extension to the SM Higgs sector involves the addition of an EW singlet field [25, 30–35]
to the doublet Higgs field of the SM, providing a possible answer to the dark matter problem. Both fields
acquire non-zero vacuum expectation values. Spontaneous symmetry breaking leads to mixing between
the singlet state and the surviving state of the doublet field, resulting in two CP-even Higgs bosons,
where h (H) denotes the lighter (heavier) of the pair. The two Higgs bosons, h and H, are assumed to be
non-degenerate. They couple to fermions and vector bosons in a similar way as the SM Higgs boson, but
each with a strength reduced by a common scale factor, denoted as  for h and 0 for H. The constraint
of unitarity implies that:

2 + 02 = 1. (9)

In this model, the lighter Higgs boson h is assumed to have identical production and decay modes to
those of the SM Higgs boson, but with rates modified according to:

�h = 2 ⇥ �h,SM

�h = 2 ⇥ �h,SM

BRh,i = BRh,SM,i,

(10)

where � denotes the production cross section, � denotes the total decay width, BR denotes the branching
ratio, and i indexes the di↵erent decay modes.

For the heavier Higgs boson H, new decay modes such as H ! hh are possible if they are kinemati-
cally accessible. In this case, the production and decay rates of the H boson are modified with respect to
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�2 ln⇤ = 6.0 correspond approximately to 68% CL (1�) and 95% CL (2�) respectively. The coupling
predictions in the MCHM4 and MCHM5 models are shown as parametric functions of the Higgs boson
compositeness parameter ⇠ = v2/ f 2. The two-dimensional likelihood contours are shown for reference
and should not be used to estimate the exclusion for the single parameter ⇠.

5 Additional Electroweak Singlet

The simplest extension to the SM Higgs sector involves the addition of an EW singlet field [25, 30–35]
to the doublet Higgs field of the SM, providing a possible answer to the dark matter problem. Both fields
acquire non-zero vacuum expectation values. Spontaneous symmetry breaking leads to mixing between
the singlet state and the surviving state of the doublet field, resulting in two CP-even Higgs bosons,
where h (H) denotes the lighter (heavier) of the pair. The two Higgs bosons, h and H, are assumed to be
non-degenerate. They couple to fermions and vector bosons in a similar way as the SM Higgs boson, but
each with a strength reduced by a common scale factor, denoted as  for h and 0 for H. The constraint
of unitarity implies that:

2 + 02 = 1. (9)

In this model, the lighter Higgs boson h is assumed to have identical production and decay modes to
those of the SM Higgs boson, but with rates modified according to:

�h = 2 ⇥ �h,SM

�h = 2 ⇥ �h,SM

BRh,i = BRh,SM,i,

(10)

where � denotes the production cross section, � denotes the total decay width, BR denotes the branching
ratio, and i indexes the di↵erent decay modes.

For the heavier Higgs boson H, new decay modes such as H ! hh are possible if they are kinemati-
cally accessible. In this case, the production and decay rates of the H boson are modified with respect to
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Figure 1: Two-dimensional likelihood scan of the mass scaling factor, ✏, and the vacuum expectation
value parameter, M. The likelihood contours where �2 ln⇤ = 2.3 and �2 ln⇤ = 6.0, corresponding
approximately to 68% CL (1�) and 95% CL (2�) respectively, are shown for both the data and the
prediction for a SM Higgs boson. The best fit to the data and the SM expectation are indicated as ⇥ and
+ respectively.

are interpreted in the MCHM4 scenario by rescaling the rates in di↵erent production and decay modes
as functions of the couplings  = V = F , assuming the same production and decay modes as in the SM.
The couplings are in turn expressed as functions of ⇠ using Eq. 7.

The MCHM4 model contains a physical boundary ⇠ � 0, with the SM Higgs boson corresponding to
⇠ = 0. Ignoring this boundary, the scaling parameter is measured to be ⇠ = 1�µh = �0.30+0.17

�0.18, while the
expectation assuming the SM Higgs boson is 0.00+0.15

�0.17. The best-fit value observed for ⇠ is negative since
µh >1 is measured. The statistical and systematic uncertainties are of similar size. Accounting for the
lower boundary produces an observed (expected) 95% CL upper limit of ⇠ < 0.12 (0.29), corresponding
to a Higgs boson compositeness scale of f >710 GeV (460 GeV). The observed limit is stronger than
expected since µh >1 is measured.

Similarly, in the MCHM5 model [27,28] the measured rates are expressed in terms of ⇠ by rewriting
the couplings as:

V =
p

1 � ⇠

F =
1�2⇠p

1�⇠
.

(8)

The measurements of V and F are given in Model 2 of Table 1. As with the MCHM4 model, the
MCHM5 model contains the physical boundary ⇠ � 0, with the SM Higgs boson corresponding to ⇠ = 0.
Ignoring this boundary, the composite Higgs boson scaling parameter is determined to be ⇠ = �0.08+0.11

�0.16,
while 0.00+0.11

�0.13 is expected assuming the SM Higgs boson. As above, the best-fit value for ⇠ is negative
since µh >1 is measured. Accounting for the boundary produces an observed (expected) 95% CL upper
limit of ⇠ < 0.15 (0.20), corresponding to a Higgs boson compositeness scale of f >640 GeV (550 GeV).
Figure 2 shows the two-dimensional likelihood for vector boson (V ) and fermion (F) coupling measure-
ments in the (V , F) plane, overlaid with predictions as parametric functions of ⇠ for the MCHM4 and
MCHM5 models. A secondary minimum in the likelihood exists at F < 0 due primarily to the large
measured h! �� rate [13].

MCHM4
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are interpreted in the MCHM4 scenario by rescaling the rates in di↵erent production and decay modes
as functions of the couplings  = V = F , assuming the same production and decay modes as in the SM.
The couplings are in turn expressed as functions of ⇠ using Eq. 7.
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�0.17. The best-fit value observed for ⇠ is negative since
µh >1 is measured. The statistical and systematic uncertainties are of similar size. Accounting for the
lower boundary produces an observed (expected) 95% CL upper limit of ⇠ < 0.12 (0.29), corresponding
to a Higgs boson compositeness scale of f >710 GeV (460 GeV). The observed limit is stronger than
expected since µh >1 is measured.

Similarly, in the MCHM5 model [27,28] the measured rates are expressed in terms of ⇠ by rewriting
the couplings as:

V =
p

1 � ⇠

F =
1�2⇠p

1�⇠
.

(8)

The measurements of V and F are given in Model 2 of Table 1. As with the MCHM4 model, the
MCHM5 model contains the physical boundary ⇠ � 0, with the SM Higgs boson corresponding to ⇠ = 0.
Ignoring this boundary, the composite Higgs boson scaling parameter is determined to be ⇠ = �0.08+0.11

�0.16,
while 0.00+0.11

�0.13 is expected assuming the SM Higgs boson. As above, the best-fit value for ⇠ is negative
since µh >1 is measured. Accounting for the boundary produces an observed (expected) 95% CL upper
limit of ⇠ < 0.15 (0.20), corresponding to a Higgs boson compositeness scale of f >640 GeV (550 GeV).
Figure 2 shows the two-dimensional likelihood for vector boson (V ) and fermion (F) coupling measure-
ments in the (V , F) plane, overlaid with predictions as parametric functions of ⇠ for the MCHM4 and
MCHM5 models. A secondary minimum in the likelihood exists at F < 0 due primarily to the large
measured h! �� rate [13].
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New Higgs decays also possible

1) invisible Higgs decay:

The most interesting one:



New Higgs decays also possible

1) invisible Higgs decay:

H

Dark Matter

The most interesting one:

Dark Matter



New Higgs decays also possible

1) invisible Higgs decay:

H

LSP neutralino

LSP neutralino

The most interesting one:

in supersymmetric models



New Higgs decays also possible

H

singlet scalar

in models with more composite Higgs

singlet scalar

1) invisible Higgs decay:

The most interesting one:



New Higgs decays also possible

H

neutrino

gravitino

in theories where the Higgs 
is the superpartner of the neutrino

Fayet,’76; AP,Riva,Biggio’12

1) invisible Higgs decay:

The most interesting one:
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Invisible Higgs Decays

42

✦ Given the accuracy of present measurement of 
Higgs branching fractions, there is a lot of 
room for non-SM decays, e.g. decays into 
invisible particles

✦ Many theoretical models predict such decays, e.g.:
๏ Higgs coupled to light dark matter
๏ Hidden valley models
๏ Right-handed neutrino models

✦ Search is done in associated production with 
the Z boson decaying leptonically
๏ Discriminating variables: MET (ATLAS), 

MT (CMS)
✦ ATLAS (4.7+13.0 fb-1):

๏ Br(H→χχ) < 65% (84% exp.) @ 95% CL, 
mH = 125 GeV

✦ CMS (5+20 fb-1):
๏ Br(H→χχ) < 75% (91% exp.) @ 95% CL, 

mH = 125 GeV

q

q

Z
H χ

χ

Z

l−

l+

Figure 1: Leading Feynman diagram of the associated ZH production. In this search the

missing ET + l+l-

CMS:      BRinv < 58% (44% expected) 
ATLAS:  BRinv < 29% (35% expected)

No sign of so, up to now:

unknown particle
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H
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(a) Signal
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⌫
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(b) Strongly produced (QCD)
Z+jets
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W±/Z
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Z
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q

q̄

(c) Weakly produced (EW) Z+jets

Figure 1: Feynman diagrams for the signal and example vector boson backgrounds

nominal pp interaction point at the center of the detector. The positive x-axis is defined by the direction
from the origin to the center of the LHC ring, the positive y-axis points upwards, and the z-axis is along
the beam direction. Cylindrical coordinates (r,�) are used in the plane transverse to the beam; � is the
azimuthal angle around the beam axis. The pseudorapidity is defined in terms of the polar angle ✓ as
⌘ =� ln tan(✓/2).

The inner tracking detector (ID) consists of a silicon-pixel detector, which is closest to the interaction
point, a silicon-microstrip detector surrounding the pixel detector (both covering | ⌘ | < 2.5) and an outer
transition-radiation straw-tube tracker (TRT) covering | ⌘ | < 2. The TRT provides substantial discrim-
inating power between electrons and pions over a wide energy range. The ID is surrounded by a thin
superconducting solenoid providing a 2 T axial magnetic field.

A highly segmented lead/liquid-argon (LAr) sampling electromagnetic (EM) calorimeter measures the
energy and the position of electromagnetic showers with | ⌘ | < 3.2. The LAr calorimeter includes a
presampler (for | ⌘ | < 1.8) and three sampling layers, longitudinal in shower depth, up to | ⌘ | < 2.5. The
LAr sampling calorimeters are also used to measure hadronic showers in the endcap (1.5< | ⌘ | < 3.2) and
electromagnetic and hadronic showers in the forward regions (3.1< | ⌘ | < 4.9), while a steel/scintillator
tile calorimeter measures hadronic showers in the central region (| ⌘ | < 1.7).

The muon spectrometer (MS) surrounds the calorimeters and is designed to detect muons in the pseudo-
rapidity range | ⌘ | < 2.7. The MS consists of one barrel (| ⌘ | < 1.05) and two endcap regions. A system
of three large superconducting air-core toroid magnets, each with eight coils, provides a magnetic field
with a bending integral of about 2.5 T ·m in the barrel and up to 6 T ·m in the endcaps. Monitored drift
tube chambers in both the barrel and endcap regions and cathode strip chambers covering 2.0< | ⌘ | < 2.7
are used as precision-measurement chambers, whereas resistive plate chambers in the barrel and thin gap
chambers in the endcaps are used as trigger chambers, covering | ⌘ | < 2.4. The chambers are arranged in
three layers, so high-pT particles traverse at least three stations with a lever arm of several meters.

The data used in this analysis were recorded during periods when all ATLAS sub-detectors were operating
under nominal conditions. The Emiss

T trigger used for this analysis consists of three levels of selections.
The first two levels, L1 and L2, use as inputs coarse spatial granularity analog (L1) and digital (L2) sums
of the measured energy. In the final level, calibrated clusters of energy deposited in the calorimeter [37]
are used. At each level, an increasingly stringent threshold is applied culminating in a requirement that
Emiss

T be at least 80 GeV. Because of further corrections made in the o✏ine reconstructed Emiss
T variable

and the resolutions of the L1 and L2 calculations, this trigger is not fully e�cient until the o✏ine variable
is greater than 120 GeV.

4

missing ET + jets

HV channel:

VBF channel:

unknown particle

unknown particle

unknown particle

How to “see” it?



The LHC is a discovery machine,
and the search for new particles is the best option

for discovering new physics beyond the SM
(Higgs coupling measurements can only be complementary)



The Higgs tells us where to look for, 
       since new particles must be there to stabilize the Higgs mass!

The LHC is a discovery machine,
and the search for new particles is the best option

for discovering new physics beyond the SM
(Higgs coupling measurements can only be complementary)



h h
h h

h h{
SUSY:

COMPOSITE:top

stop

fermionic  
top partners

largest Higgs coupling, 
largest quantum destabilization

Extra particles to stabilize it

They must be the 
lightest if no tunings

The LHC is a discovery machine,
and the search for new particles is the best option

for discovering new physics beyond the SM
(Higgs coupling measurements can only be complementary)

The Higgs tells us where to look for, 
       since new particles must be there to stabilize the Higgs mass!



Color vector-like 
 fermions with charge 5/3:
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ̸∂ qL + t̄R ̸∂ tR

+ Tr
{

Q̄ ( ̸∂ − MQ)Q
}

+ ¯̃T ( ̸∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)

3

ATLAS-CONF-2012-130:

MT5/3
& 700 GeV

☛ Scratching the interesting regions

CMS PAS B2G-12-003:

MT5/3
& 645 GeV

same-sign di-leptons:

Best chances at the LHC to find new physics:

ATLAS & CMS Stop 
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L ̸∂ qL + t̄R ̸∂ tR

+ Tr
{

Q̄ ( ̸∂ − MQ)Q
}

+ ¯̃T ( ̸∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)

3

ATLAS-CONF-2012-130:

MT5/3
& 700 GeV

☛ Scratching the interesting regions

CMS PAS B2G-12-003:

MT5/3
& 645 GeV

same-sign di-leptons:

Best chances at the LHC to find new physics:

ATLAS & CMS Stop 

7/7/14 ICHEP 2014 49 

 [GeV]
1t

~m
200 300 400 500 600 700

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

300

350

400

450

500

1
0
χ∼ t →1t

~

1
0
χ∼ t →1t

~

1
0
χ∼ t →1t

~

1
0
χ∼ W b →1t

~

1
0
χ∼ c →1t

~

1
0
χ∼b f f’ 

1
0

χ∼

+mt
 < 

m
1t~m

1
0

χ∼

 + 
m

W

 + 
m

b

 < 
m

1t~m
1

0
χ∼

 + 
m

c/mb
 < 

m
1t~m

1
0
χ∼ t →1t

~ / 1
0
χ∼ W b →1t

~ / 1
0
χ∼ c →1t

~ / 1
0
χ∼ b f f’ →1t

~ production, 1t
~
1t

~ Status: ICHEP 2014

ATLAS Preliminary

-1 = 4.7 fbintL -1 = 20 fbintL1
0
χ∼W b 

-1 = 20.3 fbintL

1
0
χ∼c 

1
0
χ∼b f f’ 

-1 = 20.3 fbintL

Observed limits Expected limits
All limits at 95% CL

=8 TeVs -1 = 20 fbintL =7 TeVs -1 = 4.7 fbintL
0L [1406.1122]
1L [1407.0583]
2L [1403.4853]
1L [1407.0583], 2L [1403.4853]
0L [1407.0608]
0L [1407.0608], 1L [1407.0583]

0L [1208.1447]
1L [1208.2590]
2L [1209.4186]
-
-
-

100GeV 700GeV 700GeV 100GeV 

300GeV 

Stops/Sbottoms:

t̃ ! t�̃

t̃ ! Wb�̃ Stable:
missing ET

at the LHC run 2



Color vector-like 
 fermions with charge 5/3:

q̄ q′

g

g

T̄5/3

q′

q̄

g

W−

W+ b

b̄

t̄

l+ ν
l+ ν

t
T5/3

W−

W+

l+ q′

g

g

B̄

ν

q̄

g

W−

W+ b

b̄

t̄

q̄ q′ l+ ν

t

B

W+

W−

Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.
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characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
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mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):
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a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(�M2 + g�)|h|2 + V (g�) +
1

32⇡2

�

f
G̃µ⌫Gµ⌫ (1)

where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
symmetry by non-perturbative QCD e↵ects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for �, and we take the potential with technically natural values by
expanding in powers of g�. Non-perturbative e↵ects of QCD produce an additional potential for �, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(�M2 + g�)|h|2 +
�
gM2� + g2�2 + · · · � + ⇤4 cos(�/f) (2)

where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

�

V (�)

FIG. 1: Here is a characterization of the �’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, e↵ectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

Cosmological evolution can do it for an axion-like 𝟇:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

⟨h⟩ = 0
m2

H(�) > 0

m2
H(�) < 0
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that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
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Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for � such that
the e↵ective mass-squared of the Higgs, m2

h, is positive. During inflation � will slow-roll, scanning the physical Higgs

Higgs mass-squared
turns negative:

1 Introduction

Our understanding of Nature is based on the empirical evidence that natural phenomena

taking place at di↵erent energy/distance scales do not influence each other. At present,

these di↵erent phenomena are described by a succession of e↵ective theories with di↵erent

degrees of freedom manifesting themselves as shorter and shorter distances are probed. The

parameters of the low-energy e↵ective theory are natural if they do not require any special

tuning of the parameters of the theory at higher energies.

Wilson [1] and ’t Hooft [2] gave a quantitative meaning to this naturalness principle

by demanding that all dimensionless parameters controlling the di↵erent e↵ective theories

should be of order unity unless they are associated to the breaking of a symmetry. Numerous

examples of the naturalness principle to understand the necessity of new phenomena have

been extensively discussed in the literature (see for instance [3] and references therein).

The Higgs boson mass and the value of the cosmological constant have been long recog-

nized as two notorious challengers of this naturalness principle, a situation that stimulated

the creativity of physicists in finding extensions of the Standard Model at higher energies.

In most of these e↵orts to explain the smallness of the Higgs mass, such as supersymmetric

and composite Higgs models, new physics is predicted to be present at TeV energies. Re-

cently, however, a radically new approach to the Higgs mass hierarchy problem has been

proposed [4], in reminiscence of the relaxation mechanism of [5] proposed for explaining dy-

namically the smallness of the cosmological constant (see [6, 7] for similar previous ideas).

In principle, in this new approach no new degrees of freedom around the TeV scale are

needed anymore to screen the Higgs mass from large quantum corrections. This has of

course profound implications for the physics agenda of the LHC and beyond.

Technically, the relaxation mechanism of [4] is based on the cosmological interplay be-

tween the Higgs field h and an axion-like field �, arising from the following three terms of

the scalar e↵ective potential:

V (�, h) = ⇤3g�� 1

2
⇤2

✓
1� g�

⇤

◆
h2 + ✏⇤4

c

✓
h

⇤c

◆n

cos(�/f) + · · · , (1)

where ⇤ is the UV cut-o↵ scale of the model, while ⇤c . ⇤ is the scale at which the periodic

cos(�/f)-term originates and n is a positive integer. The first term is needed to force � to

roll-down in time, while the second one corresponds to a Higgs mass-squared term with a

(positive) dependence on � such that di↵erent values of � scan the Higgs mass over a large

range, including the weak scale. Finally, the third term plays the role of a potential barrier

1

⟨h⟩ ≠ 0

Cosmological evolution can do it for an axion-like 𝟇:

m2
H(�) > 0

m2
H(�) < 0

P.W. Graham, D.E. Kaplan, S.Rajendran
arXiv:1504.07551 

𝟇c



2
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field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
the cuto↵. The parameters g and ⇤ are responsible for the smallness of the weak scale. This model plus inflation
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couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
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field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not a↵ect our results. Of course ⇤ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and ⇤ break symmetries and it is technically natural for them to be much smaller than
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where M is the cuto↵ of the theory (where SM loops are cuto↵), h is the Higgs doublet, Gµ⌫ is the QCD field strength
(and G̃µ⌫ = ✏µ⌫↵�G↵�), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cuto↵ M so that it is natural. The field � is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g ! 0, the Lagrangian has a shift symmetry � ! �+2⇡f (broken from a continuous shift
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where the ellipsis represents terms higher order in g�/M2, and thus we take the range of validity for � in this e↵ective
field theory to be � . M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
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Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
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